The borders of human visual areas Vl, V2, VP, V3, and V4 were precisely and noninvasively determined. Functional magnetic resonance images were recorded during phase-encoded retinal stimulation. This volume data set was then sampled with a cortical surface reconstruction, making it possible to calculate the local visual field sign (mirror image versus non-mirror image representation). This method automatically and objectively outlines area borders because adjacent areas often have the opposite field sign. Cortical magnification factor curves for striate and extrastriate cortical areas were determined, which showed that human visual areas have a greater emphasis on the center-of-gaze than their counterparts in monkeys. Retinotopically organized visual areas in humans extend anteriorly to overlap several areas previously shown to be activated by written words.
Over half of the neocortex in nonhuman primates is occupied by visual areas. At least 25 visual areas beyond the primary visual cortex (Vi) have been identified with a combination of microelectrode mapping, tracer injections, histological stains, and functional studies (1) . The analysis of this data has been greatly aided by the use of flattened representations of the cortical surface made from conventional sections with graphical techniques (2) and flattened wire models (3), or more directly from sections of physically flat-mounted cortex (4) .
A large portion of the neocortex in humans is likely to be occupied by visual areas too. It has been difficult, however, to outline unambiguously any human cortical area with noninvasive techniques. Previous studies have mapped only a few locations in the visual field or have relied on stimulus features to activate different areas (5) , and the tortuous convolutions of the human neocortex have defied previous attempts to see activity across all of its surface area at once.
Many of the cortical visual areas in nonhuman primates are retinotopically organized to some degree (3, 6 mals have been required to define areal borders with confidence (7). Here we demonstrate a technique for generating retinotopic maps of visual cortex in humans with a precision similar to that obtained in the most detailed invasive animal studies. Responses to phase-encoded retinal stimulation (8) were recorded with echo-planar functional magnetic resonance imaging (MRI) (9) and analyzed with a Fourierbased method. The resulting volume data sets were sampled with a cortical surface reconstruction made from high-resolution structural MRI images collected separately for each participant (10) . The cortical surface containing the data was then unfolded and analyzed with the visual field sign method to distinguish mirror image from nonmirror image representations (7). By combining these four techniques (multislice functional MRI, stimulus phase-encoding and Fourier analysis, cortical surface reconstruction, and visual field sign calculations), it was possible to reconstruct the retinotopic organization of visual areas Vl, V2, VP, V3, and V4 in humans in two dimensions and to accurately trace out the borders between these areas in the living human brain.
To map polar angle (angle from the center-of-gaze), we obtained 128 asymmetric spin echo MRI images (11) of 8 to 16 oblique sections perpendicular to the calcarine sulcus (1024 to 2048 total) in a 512-s session (-8.5 min) while participants (n = 7) viewed a slowly rotating (clockwise or counterclockwise), semicircular checkerboard stimulus. Eccentricity (distance from the center-of-gaze) was mapped with a thick ring (dilating or contracting) instead of a semicircle. These four kinds of stimuli elicit periodic excitation at the rotation or dilation-contraction frequency at each point in a cortical retinotopic map (8, 12 (Fig. 2, A and B) and in a ventral view (Fig. 2, C and D) (19) . VI is now clearly outlined as a large mirror image patch (yellow) divided by our incision at the fundus of the calcarine sulcus. V2 forms two nonmirror image patches (blue) dorsally and ventrally. Two more areas are visible ventral and anterior to ventral V2: mirror image VP (yellow) and, finally, non-mirror image V4v (blue).
In Fig. 3 , the cortex has been completely flattened, exposing the dorsal and lateral areas concealed in Fig. 2 (Fig. 3D) . Comparisons with the folded ventral view (Fig. 3C) show that more cortex is hidden in the posterior folds of the ventral occipital lobe than in the more anterior ventral temporal fissures.
. Dorsal V2 is adjoined anteriorly by a thin band of mirror image V3 (yellow). just ventral and anterior to V3 the visual field sign pattem degenerates into noise near the center-of-gaze representations of Vl and V2, likely the result of the difficulty of mapping foveal cortex with this technique (20). Dorsal and ante-
The internal structure of a visual cortical map can be characterized with the linear cortical magnification factor, M(r), millimeters of cortex per degree of visual angle as a function of eccentricity, r (23). We estimated the value of the parameters in a standard equation for magnification factor by measuring eccentricity on the cortical surface parallel to the average direction of fastest change of eccentricity in each upper and lower visual field representation described above. The resulting measurements were fit with a cortical mapping function, D(r) [the distance on the cortex as a function of eccentricity (the integral of the magnification factor equation)] by adjusting the parameters (24). Figure 4C shows the data and estimated mapping functions (points and heavy lines) and corresponding cortical magnification factor functions (light lines) for the upper field representations in human visual areas Vl, V2, VP, and V4v.
Human visual areas show a prominent emphasis on central vision, as reflected in the steepness of the mapping function, which corresponds to a large cortical magnification factor near the center-of-gaze. To compare these results with those from nonhuman primates, we first scaled the mapping functions for macaque monkey and owl monkey Vl to compensate for the differences in the overall size of Vl (human Vl is approximately twice the area of macaque Vl and about six times the area of owl monkey Vi) (25). The resulting scaled mapping functions are shown in the leftmost graph in Fig. 4C . The macaque (dashed) and owl monkey (dotted) curves are considerably less steep than the human curve, indicating that human visual areas have an extreme emphasis on the center-of-gaze, surpassing that seen not only in the nocturnal owl monkey but also that in the diurnal macaque monkey (26). It remains to be seen whether this will be explained by an increased emphasis on the center-of-gaze in the retina, in the retinogeniculocortical projection, or in both (27). Much has been made of the changes in areas beyond the primary cortex in humans in comparison with nonhuman primates. It is now apparent that the human primary visual cortex is distinct as well.
These studies of retinotopy in humans provide a framework for understanding the results of experiments designed to examine cortical responses to more complex and meaningful stimuli such as pictures, words, scenes, and sentences. It is interesting to note that several of the foci identified in previous noninvasive and invasive studies of responses to complex stimuli such as words (28) 
